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論文内容要旨
 Quantitat玉ve鵬easurementsofsu㎡acepressureinwindtunneltest呈ngPlayani搬port鋤trolefbr
 unders重andingtheaerodynamicperfbrmanceofvehiclessuchasa圭!planesandautomotives.
 Trad玉ti・na11エsu伽epress財eis磁easuredbyu重ilizingasystemth磁。・nsis亡s・琳essuretapsand
 pressuretraηsducers.Althoughsuchsystemsarewidelyusediawin(1tumelsandt飯eirmeasurement
 accuraciesarewellvalidated,thesesystemshaveseveraldrawbackss駐chaslowspatialresolution
 an(i玉mbllityofbeingusedinthlnedgesan(isharpcomersofamodelthat欝eof㌃entheareasofmos亡
 interes重influiddynamics.Tberefbre,developmentofanewmeasureme凱systemthatcanremove
 thesedrawbackshasbee簸des量redovertheyears,
 Pressure-SensitivePa量nt(PSP)isasurfacepressuremeasuremeattechnique,whicheli瓢inates
 癒econstraintsoftheco簸ve簸tiona!system.Thistec㎞iqueisanoptica1鵬easurementmethod
 utiliz量ng癒eluminesceuceof毎minop数orewhi磯changesaccord勧gtop難otochem圭calfeactionwlth
 oxygenmo至ecules.Thegreat&dvantageofPSPmeasurementlsthatasur魚cepressuredistribut圭on
 overamodelcanbe甲antitat1velyobta量nedw量thhigぬspa重ialreso}utio瓦Therefb1e,PSPhasbeen
 use(ifbraerospacee貧gineer…簸gapPlic威ionstomeasurethepressuredistr呈butionoveramodelin
 hlg寿齢speedwindtun難eltestingsince董980s.TぬepressureaccuracyofPSPmeasurementiR
 high-speed∫10w(bigh-subsonic,transonicands嚢personicflows)hasbeenwellvalidatedbymany
 studiesatinstitutes,univers圭tiesandind雛striesallovert難eworld.Howeveちst隷d呈esonPSP
 appllcationtoiow-speedflowareveryl量m墨ted.Thisisbeca慧sePSPisanabsolutepress獣e
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measurement technique and considered not to work efficiently in low-speed flow where pressure 
change around the model is relatively small. 
The application of PSP measurement to low-speed flow has been desired in many industrial areas, 
although it is quite difficult. The measurement accuracy of the current PSP is comparable to the 
dynamic pressure in low-speed flow, so that it is required to improve the measurement accuracy and 
to minimize various measurement errors due to optical noise, model displacement and deformation, 
temperature variation of model substrate and so on. In this dissertation, to realize the PSP 
measurement with the pressure accuracy required for low-speed wind tunnel testing, studies are 
carried out theoretically and experimentally to evaluate the following subjects; (1) To list up all 
intrinsic error sources in PSP measurement and to identify the most dominant error source, (2) To 
evaluate the quantitative effect of each error source on PSP measurement, and (3) To establish a new 
pressure calculation method to reduce the errors due to the dominant factors. 
First, the measurement principles of molecular sensors (PSP and Temperature-Sensitive Paint 
(TSP)) are explained based on their photochemical reactions. In addition, the measurement methods 
of both the intensity-based and lifetime-based methods are shown in accordance with image 
processing procedure. Furthermore, the paint characteristics (pressure sensitivity, temperature 
dependency, photodegradation characteristics, interference with white basecoat, Iuminescent 
lifetime) of the molecular sensors are shown for PSP and TSP. The obtained data by the sample tests 
showed that the temperature dependency was infiuenced by the interference with white basecoat 
which is usually incorporated to enhance the emission from the paint in low-speed PSP measurement. 
The interference effect could be reduced when the same polymer binder was used for basecoat. The 
obtained results also indicated that the luminescent intensity from PSP decreased by continuous 
illumination of excitation light during a test, that is the photodegradation. As with the temperature 
dependency, the effect due to the photodegradation also deeply affects pressure accuracy In 
low-speed PSP measurement, it is necessary to check the effects of the photodegradation before 
startmg expenments. 
Next, the uncertainty analyses for low-speed PSP measurements were conducted using the 
general and comprehensive uncertainty analysis method developed by Liu et al. The uncertainty 
analysis method was applied for both the intensity-based and the lifetime-based methods. The 
Stern-Volmer relation, the basic theoretical equation of PSP, was transformed and expressed in the 
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terms of the outputs of the actual measurement system. From this transformed equation, the error 
propagation equation was derived. All error sources included in the actual measurement system were 
identified and the physical meaning of each error source was shown. To achieve the pressure 
accuracy required for low-speed PSP measurement, the allowable upper bounds of all these error 
sources were calculated using the properties of PSP obtained by the calibration test. The calculated 
results showed that the dominant error source on pressure accuracy was the temporal and spatial 
variations in model substrate temperature for both measurement methods. In addition, to achieve 
pressure accuracy of ACp < 0.1 at the freestream velocity U = 50 m/s, the allowable upper bounds of 
temperature variations for both methods were quantitatively determined. 
To apply PSP to steady pressure field in low-speed wind tunnel testing, a new pressure 
calculation method to reduce the effect of time and spatial variations in model substrate temperature 
was proposed for both the intensity-based method and the lifetime-based method. These new 
methods were evaluated by low-speed wind tunnel tests using a simplified car model (1/10 scale 
Ahmed model). Pressure accuracies fcr freestream velocities U = 50, 30, 20 and 1 5 m/s were 
evaluated for both methods. In the case of the intensity-based method, the effects of temperature 
variation on pressure calculation were investigated by acquiring sequential images for PSP 
measurement during the test. The results of PSP measurement showed that PSP data with 
temperature correction were in fairly good agreement with data obtained by pressure taps, but the 
shape of each profile was slightly different. This seems that the difference in pressure distribution is 
caused by the effects of local temperature distribution. To examine the cause of the difference. TSP 
was applied to measure the temporal variation in model substrate temperature distribution. The 
results of TSP measurement indicated that the effectiveness of the proposed method could be 
justified when the distribution of model surface temperature at the wind-off condition was similar to 
that at the wind-on condition, even if the model temperature distribution was not uniform. In 
addition, the flow structures for the cases of the yaw angle ~f= O and 20 degree were studied by 
comparing pressure field images obtained by PSP measurements with oil flow visualizations and 
surface streamlines interpreted from the oil flow visualizations. In the case of ~r = O degree, a 
suction peak and a separation bubble were visualized near the front part of the model. On the other 
hand, two counter rotating cone-like trailing vortices could be seen along the side edges of the slant 
surface. In the case of ~r = 20 degree, a complex vortex structure, similar to the leading edge 
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separation vortices of a delta wing, could be seen on the right-hand side of the model. 
In the case ofthe lifetime-based method, the proposed method was found to be able to reduce the 
errors due to the non-uniformity of luminescent lifetime as well as those due to the temperature 
variation of model surface. A comparison of the two methods proposed for the intensity and lifetime 
methods showed that the lifetime-based measurement had a merit in that it was insensitive to the 
photodegradation. This suggests that the proposed lifetime-based method could be advantageous 
when it takes fairly long time to acquire images or when strong illumination intensity is needed. 
To apply PSP to unsteady pressure field in low-speed wind tunnel testing, the optimum unsteady 
PSP measurement method that can satisfy the requirements for the time response of PSP and the 
luminescent intensity from PSP was proposed. To obtain faster time response, the anodized 
aluminum pressure-sensitive paint (AA-PSP) was used as PSP. To obtain good SNR data~ the 
phase-lock method was applied as image acquisition method. To verify the proposed method, the 
unsteady pressure fields generated by an oscillating fence actuator immersed in the turbulent 
boundary layer were measured. Using the proposed method, the unsteady pressure fields generated 
by the fence actuator were successfully visualized. In addition, a comparison of the unsteady 
pressure fields for different oscillating frequencies of 30 and 50 Hz indicated that the fonnation and 
dissipation of the vortex structure for slower oscillating frequency appeared to be faster. However, 
the data obtained by PSP disagreed with those obtained by high-speed pressure transducers. These 
errors were considered to be caused by temperature variation and photodegradation during the test. 
To achieve more accurate measurement, it is necessary to devise a PSP formulation that is 
insensitive to photodegradation as well as a method to control the model substrate temperature using 
temperature-controlling devices such as a constant-temperature water bath and an electric heater. 
Finally, the conclusions derived in each chapter are summarized. In addition, the 
recommendations for both steady and unsteady PSP measurements in low-speed flow and the future 
vision of low-speed PSP measurements are present. 
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 論文審査結果の要旨,
 航空機や自動車の風洞実験において物体表面の底力分布の計測は,空気力の算出,はく離や衝撃波の
 存在を知るために重要な実験項目である。本研究は,酸素濃度に応じて発光強度を変化させる特殊な機
 能性分子を利用したF感圧塗料」技術を用いて,一秒速50m以下の低速域で表面圧力を定量的に計測す
 るための方法論を論じたもので,理論的な誤差解析に基づき提案レた新しい圧力算出手法の有効範囲と
 計測精度塗,系統的な風洞実験を行い評価している。本論文はこれらの研究成果をまと.めたものであり,
 全編6章からなる。
 第1章は緒論であり,本研究の背景,自酌および構成を述べている。
 第2章では,強度法と寿命法という感圧塗料の代表的な2つの計測手法について,実際のハードウエ
 アとデータ処理手順に即した誤差伝播の数学モデルを導出し,内在する各誤差要因に対する感度係数の
 計算結果から,各要素が満たさなけれ球ならない最大許容誤差を評価している。その結果,強度法ど寿
 命渋いずれの計測手法の場合も,最も支配的な誤差要因は模型渥度め時間変化や空間分布である蔦とを
 明らかにしている。これは,感圧塗料の誤差を低減する際の理論的背景を与えるもので,有効かづ有益
 な成果である。}
 第3章では,強度法を用いた場合について,樽型緯度に起因する計測誤差を最小化する新しい圧力算
 出手法を提案し,その有効性を単純自動車模型を用いた低速風洞試験により評価していう。その結畢,
 模型上1点の温度計測値から算出した補正係数α(のを用いることで,模型濃度の時間変化と空間分布に
 よって生じる計測誤差が大幅に低減されることを明らかにしている。さらに,感圧塗料を低速風洞実験
 に適用するための一般化された試験手順を確立し,』主流速15mlsと言う低速においても4ρ<0.1kPa
 と言う高い精度で圧力が計測できるこ、と;を実誑している。『ζの結果は,感圧塗料の低速域におけ為実用
 化を図る上で非常に重要な成果である。
 第4章で嬬,寿命法を用いた場合について,模型温度に起因する計測誤差を最小化する新しい圧力算
 出手法を提案し,その有効性を実験的に評価している,その結果,試験時に2つの時間ゲートで計測し
 た発光強度の比を参照状態における値で正規化し,さちに,.榛型上1庶の温度計測値から算崩した補正
 係数β(のを導入すれば,温度による圧力計測誤差を大幅に低減できることを明らかにしている。また,、
 寿命法では感圧塗料の光劣化による誤差が無視でき,謙測に時間がかかる場合や強い励起光源を必要と
 する実験では・強摩法より計輝精度の点で優位になりうることを実験的に証明している。・これは・感圧
 塗料計測の新しい可能性を切り開く重要塗成果である。ノ
 第5章では,感圧塗料の適用範囲を非定常現象に拡張するため,・陽極酸化皮膜を用ヤ・た高速応答型感
 圧塗料とP加se一獅ck法を用いた計測システムを構築し,平板乱流境界層内におかれた振動フェンス
 アクチュエータ背後の非定常圧力場の計測に適用している。その結果,主流速50m/s,振動周波数30Hz
 と50Hzにおいてフェンスアクチュエータ下流に形成される非定常渦構造を可視化することに成功レ,
 本手法の有効性を実証している.これは感圧塗料による変動圧力計測を実現するために重要な知見であ
 る。
 第6章は,結論である。
 以上要するに本論文は,機能性分子を利用した感圧塗料技術を低速流に適用するため,計測誤差を最
 小化する新レい圧力算出手法を考案し,その有効性を系統的な風洞実験で実証する等とで,感年塗料を低
 速域で実用化するための重要な知見と成果を得たものであり,航空宇宙工学および実弾空気力学の発展
 に寄与するところが少塗くない。,一、
 よって,本論文は博士(工学)の学位論文として合格と認める。
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